The solid-state synthesis of Mg 2 Si intermetallic compounds has been evaluated in the present paper. The elemental magnesium and silicon powder mixture was employed as starting raw materials. In particular, the influence of the silicon particle by the repeated plastic working (RPW) on the in-situ formation of Mg 2 Si is discussed, based on the thermal and structural analysis results by DSC thermal analysis and XRD, respectively. Refined Si particles embedded uniformly in the magnesium matrix via RPW, can drive progressing Mg 2 Si synthesis at extremely low temperature; for example, the ignition temperature, Ts ¼ 773 K, to commence the solid-state synthesis of raw powder mixture, was reduced to about 400-430 K. Further plastic working on the mixture causes in-situ formation of Mg 2 Si intermetallic compounds with a crystallite size of 30-80 nm. However, the ignition temperature to synthesize Mg 2 Si shifts to a higher temperature again. Regarding to the thermal stability of Mg 2 Si compounds, the particle size of in-situ synthesized Mg 2 Si compounds after annealing at 573 K for 900 s is about 30-100 nm, that is, the remarkable coarsening does not occur during annealing.
Introduction
Mg 2 X (X is IV B group element; Si, Ge, Sn and Pb) intermetallics with CaF 2 type crystalline structure, have a high melting point, hardness and Young's modulus, compared to those for magnesium. In particular, Mg 2 Si intermetallic compounds have high micro Vicker's hardness of 600-700 Hv, low density of 1.91 g/cm 3 and 120 GPa Young's modulus, 1) so that they are useful as strengthening dispersoids of the light metal matrix composites (MMC). For insitu synthesis of Mg 2 Si from the elemental magnesium and silicon powder mixture, the mechanical alloying (MA) is often employed; for example, Mg 2 Si crystallite size via MA process with 360 ks is 20-60 nm.
2) From a viewpoint of the kinetic energy in synthesizing Mg 2 Si intermetallics during MA, the effect of milling parameters in MA process on the formation of Mg 2 Si has been also discussed. 3, 4) The mechanical alloying process is convenient to in-situ formation of Mg 2 Si intermetallics. However, it has intrinsic difficulties to consolidate the mechanically alloyed (MAed) powder and to form the bulk materials. For example, some contaminations, such as iron from media balls or the vial, and oxygen from air in the milling atmosphere, could be included into MAed materials during a long-time milling. It is also difficult to consolidate the remarkably fine MAed powder by the conventional cold compaction. Additionaly, these fine powders are easily accompanied with an oxidization phenomenon, often resulting in an explosion in the atmosphere. The previous work indicated that since the surface oxide films of raw powder such as MgO and SiO 2 , prevent the reaction between magnesium and silicon, their mechanical breakage is effective to progress Mg 2 Si synthesis in solidstate.
5) The influences of the raw particle size and the compacting condition on the Mg 2 Si synthesis, in particular the starting temperature of the synthesis and its exothermic heat, were discussed on the basis of the thermal analysis results. A high compacting pressure significantly increases the fresh magnesium surface area after the mechanical breakage of MgO films. Also progresses the solid-state reactivity to low the formation ignition temperature from 773 to 693 K to this increase of the contacting area between the fresh magnesium surfaces and silicon particles by applying a higher pressure. Furthermore, the composite structure, where the fine Si particles were dispersed uniformly in the magnesium matrix via RPW process, was suitable to ignite Mg 2 Si synthesis at extremely low temperature or around 423 K. 6) This study discusses the in-situ formation of Mg 2 Si compounds from the elemental magnesium and silicon powder mixture (Mg-33.33 mol%Si) via repeated plastic working (RPW) process. In particular, the influence of the number of cycles in RPW on the reaction between magnesium and silicon to synthesize Mg 2 Si, is evaluated by DSC thermal analysis and TEM observation. From a viewpoint of the thermal stability of Mg 2 Si compounds, the changes in the microstructure after heat treatment at 573 K and 873 K are also investigated. Figure 1 shows an experimental flow chart in this study. Pure Mg and Si powder, having a mean particle size of 111.5 mm and 22.3 mm, respectively, were employed as raw materials. The purity of both was 99.9%, and the oxygen content of Mg and Si powder was 0.15 mass% and 0.67 mass%, respectively. After milling the elemental Mg-33.33 mol%Si powder mixture, they were supplied to RPW process to produce the green compact with composite structures. As illustrated in Fig. 2 , the RPW process, consisting of the alternately repeated compaction and backward extrusion, was carried out at room temperature in the columnar die installed in the single-axis screw-driven press machine. RPW was similar to ''Making Rice Cake'' process. After feeding the powder mixture into the die, first of all, they were consolidated by ''Punch I''. The relative density of the green compact in the die was 80-90%. After withdrawing ''Punch I'', another ''Punch II'', having a smaller diameter than the die, was inserted into the green compact in the die. The large material flow takes place during the combination of the backward extrusion by Punch II. The next compaction stage by Punch I also causes the plastic deformation of the green compact. They result in both homogeneous distribution of the refined silicon particles into the matrix and refinement of the magnesium matrix grain. Further plastic working causes in-situ formation of Mg 2 Si intermetallics during RPW. The alternately repeated motion and the punch speed in going down were automatically controlled by computer system. In this press equipment, the compacting energy (E/ mms À1 ) was proportional to the square of the punch speed (V/kJ) as shown in eq. (1).
Experimental Procedure
where is the mechanical efficiency (¼ 0:6) and is constant (¼ 4:9 Â 10 À5 ) of this screw press machine. As shown in Fig. 2 , the columnar green compact, having a relative density of 85-90%, was put out after RPW with the initially set number of cycles. It was easily supplied to the next consolidation process by using the conventional hot working, such as forging, extruding and hot pressing. The number of the cycles in RPW was 25, 50, 100, 150, 300, 500 and 600 in this study. To fabricate the Mg 2 Si intermetallics bulky material, the repeated plastic worked (RPWed) green compact was consolidated at the pressure of 588 MPa by hot press, where it was heated at 773 K for 3.6 ks in vacuum. The thermal analysis on the RPWed green compacts was carried out by using a differential scanning calorimeter (DSC) from the room temperature to 1073 K. The heating rate was 0.33 K/s under the argon gas flowing with 0.58 m 3 /s. DSC thermograms indicate the ignition temperature to synthesize Mg 2 Si, in particular the temperature in starting the synthesis (Ts), because it was accompanied with an exothermic heat.
7) X-ray diffraction (XRD) with Cu K radiation at 40 kV and 200 mA was applied to investigate the structures of the RPWed compacts before and after heat treatment. Optical microscope, scanning electron microscope (SEM) and transmission electron microscope (TEM) were available for the microstructure analysis on the distribution of in-situ formed Mg 2 Si particles in the matrix.
Results and Discussions

3.1
In-situ synthesis of Mg 2 Si during repeated plastic working The previous work 6) shows that the refinement of silicon particles and their uniform distribution in the magnesium matrix occurred after RPW (N ¼ 150). The XRD results on the RPWed green compacts, however, indicate that not only magnesium and silicon peaks but also slight peaks of Mg 2 Si intermetallics were detected. That is, in-situ synthesis of Mg 2 Si via the reaction between magnesium and silicon progresses during RPW process. This is similar to the behavior of solid-state reaction by MA process. 3) In this study, the further plastic working was applied on Mg-33.33 mol%Si powder mixture to investigate the behavior of in-situ formation of Mg 2 Si compounds during RPW process. Figure 3 shows changes in the XRD patterns of RPWed green compacts with various numbers of cycles. N ¼ 0 means as-mixed raw powder. The diffraction peaks of Mg 2 Si are obviously detected when N is over 150 cycles. In increasing the cycle number of RPW process, its intensity also increases remarkably, but concurrently Mg and Si peaks gradually decrease. It means that magnesium and silicon are consumed to synthesize Mg 2 Si intermetallics in the solidstate during RPW process. Figure 4 shows TEM observation results on the RPWed green compacts with a cycle number of 300(a) and 600(b). The RPWed compact with 300 cycles shown in Fig. 4(a-1) reveals that a large amount of refined silicon particles with 100-500 nm exist in the magnesium matrix. The chemical analysis result by EDX/FE-AES on the RPWed compact indicates that the composition of the fine particles with 10-50 nm shown in Fig. 4(a-2) is Mg : Si ¼ 2 : 1 (mol). That is, they are Mg 2 Si intermetallic compounds synthesized during RPW. On the other hand, the RPWed compact (N ¼ 600) shown in Fig. 4(b-1) has a little amount of silicon particles, having 100-250 nm in diameter, distributed in the matrix compared to that of the green compact after RPW with N ¼ 300. Fig. 4(b-2) shows that in-situ synthesized Mg 2 Si compounds with a particle size of 20-80 nm are distributed uniformly in the matrix. As a result by the image analysis on the microstructures, Mg 2 Si compounds are coarse and the amount of them is over 15 times compared to the RPWed green compact with N ¼ 300. Figure 5 shows DSC thermograms of the RPWed green compacts. The raw powder mixture (N ¼ 0) shows two exothermic peaks close by the endothermic at the melting point of magnesium (923 K). It means that Mg 2 Si synthesis occurs in not only solid-state but also liquid-state when RPW is not employed. In the case of RPWed green compacts, the exothermic heat due to Mg 2 Si synthesis shifts to the lower temperature range until N reaches 300. That is, Mg 2 Si synthesis undergoes completely in solid-state by RPW process. Figure 6 shows the dependence of the exothermic heat (Q) close by 473 K in DSC thermograms on the cycle number of RPW. Until N is 300 cycles, Q increases up to about 110 kJ/mol, which is close to the theoretical value in synthesizing Mg 2 Si (89:2 AE 11:4 kJ/mol). It means the amount of in-situ formed Mg 2 Si compounds via reaction of magnesium and silicon increases during RPW process. The dominant factors to synthesize Mg 2 Si in solid-state are considered as follows;
(1) Formation of fresh surface by mechanical breakage of oxide films. When the number of cycles increases, that is, applying large plastic working, the fragmentation of raw powder occurs and their surface oxide films are broken. The brittle and hard silicon particles are easily refined and embedded in the matrix of magnesium powder. As shown in Fig. 4(a-1) , silicon particles are refined to 100-500 nm and distributed homogeneously in the magnesium matrix with a good coherency. However, the exothermic heat gradually decreases when N exceeds 300 cycles. It means that the amount of Mg 2 Si compounds formed in the reaction of magnesium and silicon by heating at 423 K becomes small. This is because the rest of non-reacted magnesium and silicon in the green compact is smaller due to the in-situ synthesis of Mg 2 Si during RPW process as shown in XRD patterns of Fig. 3 . Figure 7 indicates the dependence of the starting temperature of Mg 2 Si synthesis (Ts) on the number of cycles in RPW process. Ts suddenly decreases because of the mechanical breakage of oxide films and the increase in the contacted area at fresh surfaces as mentioned above with increase in N, and is saturated at 400-430 K. When N > 300, however, Ts slightly shift to higher temperature range. It means that the reaction between magnesium and silicon is obstructed in heating RPWed green compacts at 423 K. The definitive mechanize for the behavior is not clarified yet, however, one of possibly dominant factors is considered as follows; TEM observation result on the RPWed green compact (N ¼ 600) shown in Fig. 4(b-1) suggests the effect of in-situ synthesized Mg 2 Si compounds on the reaction between magnesium and silicon during RPW. Mg 2 Si nano-dispersoids exist densely around non-reacted Si particles. In other words, Si particle is surrounded by in-situ synthesized Mg 2 Si compounds, and they obstruct the interdiffusion of non-reacted magnesium and silicon.
3.2 Thermal stability of in-situ synthesized Mg 2 Si intermetallics via RPW Mg 2 Si intermetallics have superior mechanical properties such as high hardness, high Young's modulus and low density as mentioned above. RPW process is also effective to refine the in-situ synthesized Mg 2 Si intermetallic compounds because of the fragmentation of Si raw particles by large plastic deformation. Therefore, new type of magnesium matrix composites can be produced to have homogeneously dispersed fine Mg 2 Si compounds with excellent mechanical properties via RPW process. In particular, the heat resistance of magnesium alloys must be improved remarkably when applying to the engine components such as valve lifter, pistons and connecting rod. As a feasible study for their applications at the elevated temperature condition, the thermal stability of in-situ synthesized Mg 2 Si intermetallics via RPW process was evaluated. Figure 8 shows TEM observation results on RPWed Mg-33.33 mol%Si green compacts (N ¼ 600) after annealing at 573 K (a) and 873 K (b) for 900 s. The particle size of Mg 2 Si compounds annealed at 573 K is about 30-100 nm, which is almost equivalent to that of as-RPWed compacts (N ¼ 600) shown in Fig. 4(b-2) . On the other hand, the annealing at 873 K obviously coarsens the compounds, which particle size is 50-500 nm as shown in Fig. 8(b) . The thermal stability of in-situ synthesized Mg 2 Si intermetallics via RPW is recognized. Accordingly, it is possible to improve the heat resistance of magnesium composite alloys by dispersing fine Mg 2 Si compounds uniformly in the magnesium matrix.
Conclusions
In-situ synthesis process of Mg 2 Si compounds in solidstate has been established via the repeated plastic working on the Mg-Si mixture materials. The increase in the cycle number of RPW progresses Mg 2 Si synthesis. The ignition temperature in forming Mg 2 Si compounds significantly decreases until 400-430 K because of the refinement of both Si particles and the magnesium matrix grains. Further application of the cyclic plastic working leads to progress in the in-situ synthesis of the nano-scale intermetallic compounds, having 20-80 nm particle size. They also reveal superior thermal stability in annealing until 573 K. It suggests the improvement of the heat resistance of magnesium composite alloys reinforced with in-situ Mg 2 Si fine particles.
